Stable isotope dilution-based comparative quantification of nitrogen-containing metabolites for highly sensitive and selective metabolomics was developed using liquid chromatography/mass spectrometry (LC/MS) and 15 N-isotope enrichment. We produced metabolically stable isotope-labeled Arabidopsis T87 cells by culturing with 15 N-labeled medium. We found that the growth of cells maintained in 15 N-labeled medium is very similar to the growth in normal medium, as evidenced by cell morphology, doubling time, and measurement of chlorophyll and carotenoid contents. Complete incorporation of 15 N in folate, S-adenosylmethionine (SAM), and S-adenosylhomocysteine (SAH) in T87 cells was accomplished after culturing for 21 d. Accurate comparative quantification of folate, SAM, and SAH was established by means of LC/MS using the isotopomers of the target metabolites as internal standards. The within-and between-run assay coefficients of variation for the folate, SAM, and SAH levels were all less than 8.5%. Stable isotope labeling by nitrogen source in Arabidopsis T87 cell culture provided simple, inexpensive, and accurate amino acid profiling. This interesting new protocol is valuable for the study of dynamic changes in N-compound pools in cultured cells.
The utility of mass spectrometry for the profiling and quantification of low-molecular-weight natural products is becoming increasingly apparent, due to the high sensitivity and selectivity of this analytical method. 1) But, ionization suppression or matrix effects have become one of the major problems of liquid chromatography (LC) coupled with electrospray ionization (ESI) mass spectrometry. 2, 3) These are caused by the presence of other materials besides the target compounds, which may disturb the efficiency of the ionization process. General strategies to tackle ion suppression involve an improvement of the LC separation efficiency and/or a more selective sample cleanup. [3] [4] [5] Clearly, these strategies lead to a lower sample throughput and a higher workload. Ideally, isotopically labeled internal standards can be used to compensate for suppression (or enhancement) effects. 5, 6) The primary reason for utilizing a stable isotope labeled analog is to normalize the response of a given target compound to the response of its isotope analog and thus compensate for variations in injection, sample preparation, instrumental parameters, and matrix effects. [7] [8] [9] Isotopes can be prepared by enzymatic or organic synthesis, but such compounds are often unavailable or cost-prohibitive. In addition, the preparation of all isotopomers corresponding to multiple target metabolites would be very laborious and time-consuming. 10, 11) For our studies, we chose in vivo stable isotope metabolic labeling in cell cultures using 15 N-substituted media to overcome these drawbacks. But, so far, the method has not been used for the determination of metabolite levels in plants. Although complete in vivo uniform labeling with 2 D, 13 C, and 15 N, or with a combination of these isotopes, is possible for E. coli, yeast, algae, and fungi, 12, 13) few examples of fully stable isotope-labeled plants have been demonstrated. To date, only three examples of in vivo uniform 15 N-isotope labeling of plants have been reported, [14] [15] [16] and these methods require a tedious hydroponics set-up and take a long time for uniform 15 N labeling of the plant. We chose Arabidopsis suspension-cultured cells (cell line, T87) as an appropriate source to produce uniformly 15 Nlabeled metabolite material by in vivo isotope labeling methods, since fully 15 N-labeled metabolites can be
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y To whom correspondence should be addressed. Tel/Fax: +81-6-6879-7424; E-mail: fukusaki@bio.eng.osaka-u.ac.jp Abbreviations: OPH, O-phosphohomoserine; Hcy, homocysteine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; THF, tetrahydrofolate; 5-CH 3 -THF, 5-methyltetrahydrofolate; 5,10-CH 2 -THF, 5,10-methylenetetrahydrofolate; 5,10-CH þ -THF, 5,10-methenyltetrahydrofolate; 10-CHO-THF, 10-formyltetrahydrofolate; 5-CHO-THF, 5-formyltetrahydrofolate; CGS, cystathionine r-synthase. obtained more easily in short-term experiments and thus in a cost-effective way due to the rapid growth rates of T87 cells. 17) Although Arabidopsis thaliana has become the most widely used model system for plant molecular biology and physiology, studies using homologous cell culture lines have been few in number. Cell cultures appear to be more uniform in their response to stress conditions than whole plants. Thus an Arabidopsis stable cell line, if available, can be used as preliminary experimental material for rapid determination of stress responses. Nakamichi et al. 18) have recently found that T87 cells retain a clock function with the ability to generate a circadian rhythm. Moreover, a response to hyperosmotic stress was observed for T87 cells at the gene expression level, 19) and an abscisic acid-mediated signaling pathway has also been characterized in terms of dehydration stress. 20) These facts encouraged us to employ T87 cells as a material for the rapid characterization of mechanisms underlying environmental stress responses.
The metabolism of one-carbon (C 1 ) units is very important for plants. Folate, SAM, and SAH mediate the C 1 transfer reactions for synthesizing proteins, nucleic acids, pantothenate, and many methylated molecules. 21) Therefore, in this study, we first performed in vivo uniform labeling of folate, SAM, and SAH in T87 cells by culturing with 15 N-substituted media. This can be applied to a relative quantification method using in vivo 15 N-isotope labeled internal standard (I.S.).
This method was used to examine the dynamic changes in the endogenous amounts of folate, SAM, and SAH in T87 cells by inhibitor treatment, as described below. In addition, we determined amino acid levels in inhibitor-treated cells using in vivo 15 N-isotope labeled I.S. Here, we used DL-propargylglycine (PAG), an inhibitor of cystathionine r-synthase (CGS). 22) CGS is the initial step enzyme specific for the methionine (Met) biosynthetic pathway, which catalyzes the condensation of O-phosphohomoserine with cysteine to form cystathionine. Cystathionine is cleaved to form homocysteine, which is then methylated with 5-CH 3 -H 4 folate to form Met by a cobalamin-independent Met synthase. Met is incorporated into proteins or converted to SAM, which plays numerous roles in that it is the major methyl-group donor in transmethylation reactions. Until now, however, the role of C 1 metabolism in plant adaptation to environmental factors has been unclear. 23) We suggest that in vivo 15 N enrichment provides a useful set of Ncompounds for preliminary experiments to obtain quantitative information for physiological study rapidly. 
Materials and Methods

Materials
Quantification of folate. Unlabeled (
14 N) and labeled ( 15 N) cells were harvested by filtration and immediately ground in liquid nitrogen and stored at À80 C until assayed. The two samples were combined and aliquots (2 g) were overlaid with 8 ml of extraction buffer (25 mM ammonium acetate, 2% sodium ascorbate 20 mM 2-mercaptoethanol, pH 7.3). The sample suspension was then purged with argon, capped tightly, and placed in a boiling water bath for 10 min. Subsequently the extract was rapidly cooled and centrifuged at 13;000 Â g for 10 min at 4 C. After the supernatant was passed through a syringe filter (0.2 mm, cellulose acetate), the extract was purified by affinity chromatography. The affinity chromatography columns were prepared and used according to Konings. 24) The purified extract was incubated with 1 ml of carboxypeptidase (1 unit) for 4 h at 30 C. The sample was freeze-dried, dissolved in a 200 ml of CH 3 COONH 4 (pH 7.3, 15 mM), filtered through 0.45 mm filter, purged with argon, and stored under argon at À80 C until analysis. HPLC was performed on an Inertsil ODS-3 column (150 Â 0:3 mm; 3 mm) by eluting the samples (10 ml) with aqueous acetonitrile and formic acid (0.1%), at a flow rate of 4.3 ml/min. The conditions for HPLC elution were as follows: buffer A, 0.1% formic acid in 5% acetonitrile; buffer B, 0.1% formic acid in 95% acetonitrile; the program, 0 min, 100% A/0% B; 5 min, 93% A/7% B; 10 min, 83% A/17% B; 20 min 50% A/50% B; 25 min 2% A/98% B; 35 min 2% A/98% B; 36 min 0 min, 100% A/0% B.
For MS-MS analysis the eluent was diverted to an ion trap mass spectrometer (Esquire 3000 plus) equipped with the positive electrospray mode. MS spectra were recorded 13,000 scans/sec and with a scanning range of 100 to 800 m=z. Quantification was carried out in the extracted ion chromatogram (EIC) selected from total ion chromatography. The capillary voltage was set to 4.5 kV and the capillary temperature to 250 C.
Quantification of SAM and SAH. A combined aliquot of unlabeled and labeled cells (0.5 g each) was suspended in 3 ml of sterile H 2 O and lysed by vortexing for 30 sec. Protein from clarified lysates was precipitated with ethanol (final concentration, 70%) at À20 C for 15 min and removed by centrifugation (13;000 Â g, 20 min, 4 C). The supernatant was evaporated to dryness in vacuo, and the residue was redissolved in 25 mM of CH 3 COONH 4 . The solution was applied to a Waters (Milford, MA) C-18 Sep-Pak cartridge, which was conditioned with 1 ml of methanol, 750 ml of 0.1 mol/l NaOH, and 1 ml of H 2 O. After the extracted sample was applied, the column was rinsed with 1 ml of H 2 O. Analytes were eluted from the column with 1 ml of H 2 O-methanol (85:15, by volume), containing 1 ml/l formic acid. The eluent was evaporated to dryness under vacuum at 38 C, and the residue was dissolved in 100 ml of 25 mM CH 3 COONH 4 . The sample (20 ml) was injected onto an Inertsil ODS-3 column (250 Â 2:1 I.D. mm; GL Sciences, Tokyo, Japan) using a liquid chromatograph interfaced to a quadrupole mass spectrometer (LC/MS-Qp 8000, Shimadzu, Kyoto, Japan). The mobile phase consisted of a mixture of aqueous acetonitrile and formic acid (0.1%) at a flow rate of 0.2 ml/min operated at 35 C. An initial mobile phase (6% acetonitrile) was followed by a 4-min linear gradient to 10% and a further 6-min linear gradient to 30% acetonitrile. The mobile phase was then programmed to 100% acetonitrile over 10 min before being brought back to the initial mixture for another 5 min to allow for column equilibration. The mass spectrometer was operated in the positive electrospray mode using selected ion monitoring (SIM). The spray voltage was set to 4.5 kV and the capillary temperature to 230 C.
Quantification of amino acids. A combined aliquot of unlabeled and labeled cells (each 0.15 g) was transferred to a 1.5-ml Eppendorf tube. Subsequently, 1 ml of methanol:H 2 O:chloroform (2.5:1:1) solution was added and extraction was carried out at 37 C for 30 min. The tube was centrifuged for 3 min at 16;000 Â g. The methanol/water phase was decanted into a new tube, and 0.4 ml of H 2 O was added. Subsequently the extract was centrifuged at 16;000 Â g for 3 min at 4
C and the supernatant (1 ml) was dried in a centrifuge concentrator overnight. Pre-column derivatization of the amino acid was carried out using 5-dimethylaminonaphthalene-1-sulfonyl chloride (DnsCl). Formation of the dansylated derivatives was accomplished in a 1.5 ml-eppendorf tube protected with aluminium foil, by combining 20 ml of Li 2 CO 3 (80 mM, pH 9.5) and 10 ml of DnsCl solution (1.5 mg/ml). The mixture was allowed to stand at room temperature for 1 h before LC/MS analysis. The sample (15 ml) was injected into a Develosil ODS-UG-5 column (250 Â 2:0 I.D. mm; GL Sciences, Tokyo, Japan) using a liquid chromatograph that was interfaced to a quadrupole mass spectrometer (LC/MS-Qp 8000, Shimadzu, Kyoto, Japan) equipped with an ESI source. The LC elution conditions were as follows: buffer A, 20 mM ammonium acetate in 5% methanol; buffer B, 20 mM from the molecular cation, [M þ H, at m=z 337] þ . The fragment ion observed in the EIC mass spectrum at m=z 319 results from a loss of 18 mass units from the molecular cation at m=z 337, presumably due to a loss of water. The ion at m=z 293 represents a loss of 44 amu, which is probably due to a loss of CO 2 .
We performed a time course experiment to establish the time required for cells to incorporate 15 N in folate. The cells were grown in 15 N-labeled media for different lengths of time. After every 7 d, 3 ml of mother cell suspension was transferred into 30 ml of LS medium. As shown in Fig. 2 LC/MS assay by the stable isotope dilution method makes use of the property that pairs of otherwise chemically identical analytes of different stable-isotopic composition can be differentiated in a mass spectrometer owing to their mass difference, and that the ratio of signal intensities for each analyte pair accurately indicates the abundance ratio of the two analytes. To validate this approach as a quantitative method, a mixing experiment was performed using known volumes of T87 cells. Unlabeled and labeled T87 cells were mixed in several ratios (Fig. 3) . The experimentally determined peak area ratios were found to be linear (r ¼ 0:998) over an abundance ratio of >1:5. This also indicates that if an appropriate range of target compound and isotope-labeled analog concentration is selected for quantification, their mutual ionization suppression or enhancement does not influence assay reproducibility, accuracy, or linearity in quantitative LC/MS. Since we can obtain uniformly 15 N-labeled Arabidopsis stable cell lines quickly, this makes it possible to establish a simple and sensitive quantitative method for T87 cells using in vivo stable isotope labeled I.S.
Relative quantification of nitrogen containing metabolites in T87 cells using 15 N-labeling The biosynthesis of numerous biological compounds and the regulation of many metabolic processes require the addition or removal of one-carbon units. Tetrahydrofolate (THF) coenzymes mediate these C 1 transfer reactions that are involved in several major cellular processes, including the synthesis of purines and thymidylate, amino acid metabolism, pantothenate synthesis, mitochondrial and chloroplastic protein biogenesis, and Met synthesis. Met is the direct precursor of SAM, which in turn is the source of methyl units for the synthesis of a myriad of molecules such as choline, chlorophyll, and lignin. 21) We attempted to establish the relative quantification of folate, SAM, and SAH, which are essential intermediates of C 1 transfer reactions, in T87 cells using 15 N-isotope labeled internal standards. The distribution of folate differed distinctly from what is typically found in vegetable sources, where 5-CH 3 -H 4 folate is the dominant folate. 27, 28) In quantitative assay of folate from T87 cells, 5-CH 3 -H 4 folate and 5-CHO-H 4 folate were detected, of which 5-CH 3 -H 4 folate was predominant. SAM (a physiologic methylator) and SAH (a demethylated product of the methylation) in a combined sample (1:1) of unlabeled cells and 15 Nlabeled cells were also determined in the SIM mode (Fig. 4) The I.S. concentration can influence the reproducibility, response factors, accuracy, and linearity of the assay because mutual suppression is concentrationdependent. Calibration curves were drawn for extracts of 15 N-labeled cells as an internal standard by plotting at several different concentrations against the peak area ratios (Fig. 5) . Linear calibration curves were observed in an appropriate range of target compounds (R > 0:995). In order to evaluate within-run repeatability and between-run reproducibility, one gram each of unlabeled cells and 15 N-labeled cells were combined and extracted for folate, SAM, and SAH assay, and three repetitive analyses were performed. The within-and between-run assay coefficients of variation for their levels were all less than 8.5%.
Metabolic profiling can be expected to develop into an integral part of functional genomics and system biology. 29) In applying the profiling concept, it is crucial to perform unbiased multi-target metabolite analysis in order to elucidate precisely the biochemical functions of plant metabolism. In this study, to demonstrate the feasibility of our approach for metabolic profiling, amino acids in a combined sample (1:1) of unlabeled and 15 N-labeled cells were determined in the SIM mode (Fig. 6) . Accordingly, isotope labeling should provide a powerful approach for accurate metabolic profiling.
Inhibition by PAG
To validate this approach as a reliable quantitative system, treatment with PAG was used to examine the change in the folate, SAM, SAH, and amino acid levels. By calculating the ratio of observed peak ratios for analyte pairs of inhibitor-treated cells and control, the relative quantification of metabolites in treated cells to untreated cells can be accurately determined. In our study, in which T87 cells were treated with 0.2 mM of PAG for 15 h, although there was no change in 5-CH 3 -H 4 folate, the level of 5-CHO-H 4 folate was 70:0 AE 3:0% lower (Fig. 7) . Horne et al. 30) have shown that nitrous oxide inactivation of Met synthase leads to an increase in the 5-CH 3 -H 4 folate level and a decrease in the other folate levels in the rat pancreas. This has been called the methyl trap hypothesis. It states that in vitamin B-12 deficiency folate is trapped as 5-CH 3 -H 4 folate at the expense of other folates. 31) This is because the synthesis of 5-CH 3 -H 4 folate is not reversible in vivo and Met synthase is inactive due to vitamin B-12 deficiency. Although the Met concentration in the PAG-treated cells was not measured in the present study, in another study, 32) the reduction of the CGS concentration in Arabidopsis resulted in a 35% reduction at most in the Met level. Hence we postulate that inactivation of CGS due to PAG leads to inactivation of Met synthase and thus to a reduction in the 5-CHO-H 4 folate level. But, PAG treatment did not lead to an increase in 5-CH 3 -H 4 folate, perhaps because the plant 5,10-CH 2 -H 4 folate reductase reaction that catalyzes the reduction of 5,10-CH 2 -H 4 folate to 5-CH 3 -H 4 folate is reversible under physiological conditions 33) (Fig. 8) . The level of SAM and SAH was 50:5 AE 1:7% and 15:6 AE 4:4% lower respectively, which results in a lower methylation ratio (the ratio of SAM to SAH) in PAG-treated cells. Less than 20% of Met is incorporated into proteins, and 80% is converted to SAM. 34) Therefore, inactivation of Met synthase should lead to a reduction of endogenous levels of SAM and SAH. In our analysis, the concentrations of Trp and Phe were especially increased in PAG-treated cells, approximately 2.5-fold greater than in control cells. Zhao et al. 35) have shown that all four of the Arabidopsis Trp pathway enzymes, anthranilate synthase, phosphoribosylanthranilate transferase, tryptophan synthase , and tryptophan synthase , are induced by Met starvation. Furthermore, the condensation of shikimate with phosphoenolpyruvate results in the formation of chorismate, where the pathway bifurcates to produce Trp and Phe through prephenate, 36) and Trp has been shown to be a positive feedback activator of Phe. 37) Hence we reason that Met starvation induced by treatment with PAG leads to an increase in both Phe and Relative peak ratio is determined by calculating the ratio of observed peak ratios for analyte pairs of inhibitor-treated cells and control cells. Trp derived from the shikimate pathway in PAG-treated cells.
In conclusion, stable isotope labeling by nitrogen source in Arabidopsis T87 cell cultures is a simple, inexpensive, and accurate procedure that can be used in quantitative profiling for N-compounds. The strategy described in this paper should be a useful tool for plant metabolomics.
